The objectives of this study were to quantify the phenotypic variation in residual feed intake (RFI) in pregnant beef heifers offered a grass silage diet and to characterize their productivity. Seventy-three pregnant (mean gestation d 198, SD = 27 d) Simmental and Simmental × Holstein-Friesian heifers (mean initial BW 548, SD = 47.5 kg) were offered grass silage ad libitum. Heifer DMI, BW, BCS, skeletal measurements, ultrasonic fat and muscle depth, visual muscularity score, rumen fermentation, total tract digestibility, blood metabolite and hematology variables, feeding, and activity behavior were measured during an 84-d feed intake study. After parturition calf birth weight, calving difficulty, cow serum IgG, hematology variables, and calf humoral immune status were measured. In a subset of cows (n = 28), DMI, milk yield and various body composition variables were also measured approximately 3 wk postpartum. Phenotypic RFI was calculated for each animal as the difference between actual DMI and expected DMI. Expected DMI was computed for each animal by regressing average daily DMI on conceptus-adjusted mean BW 0.75 and conceptus-adjusted ADG over an 84-d period. Within breed, heifers were ranked by RFI into low (efficient), medium, and high (inefficient) groups by dividing them into thirds. Heifers with high RFI had 8.8 and 17.1% greater (P < 0.001) DMI than medium and low RFI groups, respectively. The RFI groups did not differ in ADG or BW (P > 0.05). Residual feed intake was positively correlated with DMI (r = 0.85) but not with feed conversion ratio, ADG, or BW. The RFI groups did not differ (P > 0.05) in skeletal size, BCS, ultrasonic fat depth, total tract digestibility, calf birth weight, calving difficulty, serum IgG concentrations, or milk yield. Visual muscularity scores, initial test and postpartum ultrasonic muscle depth were negatively correlated with RFI (P < 0.05). Including mean ultrasonic muscle depth into the base RFI regression model increased its R 2 (0.29 to 0.38). Pearson rank correlation between RFI and muscle-adjusted RFI was 0.93. The results show that efficient RFI heifers consumed less feed without any compromise in growth, body composition, or maternal traits measured.
INTRODUCTION
Feed represents the largest variable cost in beef production and is a major determinant of profitability (Ramsey et al., 2005) . In grass-based calf-to-weanling and calf-to-beef systems, the cow herd consumes approximately 85 and 50% of total feed inputs, respectively (McGee, 2009) . Approximately two-thirds of total energy consumed by beef cattle goes toward maintenance requirements resulting in cow maintenance being a considerable proportion of total costs in beef production systems (Ferrell and Jenkins, 1985; Montaño-Bermudez and Nielsen, 1990) .
Traditionally, feed efficiency has been expressed as the ratio of feed intake to BW gain (FCR). However, FCR has a highly negative genetic correlation with ADG and mature size in cattle (Schenkel et al., 2004) . Therefore, selecting animals to improve FCR would result in an increase in growth rate and mature cow size. An alternative measure of feed efficiency is residual feed intake (RFI), which is phenotypically independent of growth and body size. It is calculated as the difference between actual feed intake and predicted feed intake, with negative or smaller values more desirable than positive or larger values (Crews, 2005) . This trait is moderately heritable at 0.45 (Crowley et al., 2010) ; therefore, selecting herd replacements for low RFI should give rise to energy-efficient cows and progeny.
Compared with RFI measured in cattle fed energydense diets, there is limited published information pertaining to RFI in cattle offered forage-based diets (Arthur et al., 2005) , and even less so in relation to beef cows (Basarab et al., 2007; Meyer et al., 2008) , where RFI arguably has the greatest potential impact. The objectives of this study were i) quantify the phenotypic variation in RFI in pregnant beef heifers offered a grass silage diet, and ii) to examine the relationship between RFI and total tract digestibility, rumen and blood variables, ultrasonic and body measurements, feeding behavior, activity, and various maternal traits. 
MATERIALS AND METHODS

All procedures involving animals in this study
Animals and Management
Data were obtained on 73 gestating beef heifers composed of 54 purebred Simmentals and 19 Simmental × Holstein-Friesians. The breeding season commenced in May and heifers were mated at approximately 15 mo of age to Simmental sires by AI and natural mating over a 90-d period. Before commencing the indoor experimental feeding period, heifers were rotationally grazed under a moderate stocking rate on perennial ryegrass (Lolium perenne L.) pasture (Drennan and McGee, 2009) .
At the end of the grazing season (October 30, 2007) , animals were housed indoors and offered grass silage ad libitum. The grass silage was harvested from a primary growth sward, which consisted mainly of perennial ryegrass, on May 23. It was mowed with a rotary mower and immediately harvested, without additive, using a precision-chop harvester and stored in bunker silos and compacted to ensure expulsion of air before sealing. Silos were covered with 2 layers of black polythene sheeting weighted with tires.
After 7 d, heifers were transferred to the feed intake test facility located in a slatted floor building, with 4 to 5 animals allocated to each pen (lying area = 2.87 m 2 /animal). Heifers were pretrained to eat from electronically controlled Calan gates (American Calan Inc., Northwood, NH) and given an adaptation period of 14 d to acclimatize to their environment before individual DMI was recorded over an . At the beginning of the test period, mean age was 635 d (SD = 45) and mean day of gestation was 156 d (SD = 27). Animals were individually offered silage once daily (at 0800 h) and each received 60 g of a top-dressed mineral and vitamin supplement daily (Ca, 46 g/kg; Na, 200 g/kg; Mg, 165 g/kg; Cu, 90 mg/ kg; I, 300 mg/kg; Mn, 6,670 mg/kg; Zn, 5,200 mg/kg; vitamin A, 600,000 IU/kg; vitamin D 3 , 100,000 IU/kg; and vitamin E, 5,000 IU/kg). All heifers had continuous access to clean, fresh water.
At the end of the RFI experimental period heifers were removed from the slatted floor pens 1 to 7 d before their expected calving date and relocated to individual straw-bedded pens. After parturition, heifers were offered grass silage ad libitum plus 2 kg of a rolled barley-based concentrate and 60 g of a mineral and vitamin supplement daily. They remained in pens with their calf. Approximately 3 wk postpartum, the earlycalving heifers (n = 24) were accommodated in individual tie-up stalls for a 19-d period and their intake was recorded. These 24 early-calving heifers consisting of 17 purebred Simmentals and 7 Simmental × HolsteinFriesians with 5 heifers previously ranked as high RFI, 9 as medium RFI, and 10 as low RFI. Their calves were located behind them in individual straw bedded pens and had twice-daily access (approximately 0800 to 0900 h and 1600 to 1630 h) to their dams for nursing.
corded daily for each animal and discarded twice weekly. Silage offered and refused was sampled 3 and 2 times weekly, respectively, and samples were stored at −20°C pending laboratory analysis. Samples of silage were subsequently pooled on a weekly basis. Concentrates offered postpartum were sampled weekly. Sample processing and chemical analysis was as described by Owens et al. (2009) . The chemical composition and in vitro digestibility of the feedstuffs offered is outlined in Table 1 . Animals were weighed (before feeding) and BCS (Lowman et al., 1976) was recorded on 2 consecutive days at the beginning and end of the period of RFI measurement and every 21 d during the experimental period. Heifer BW and BCS were also recorded within 24 h of parturition and at the beginning and end of the feed intake period, postpartum.
Calf birth weight and calving difficulty score (scale; 1 = unassisted to 5 = cesarean section) were determined immediately after parturition. At approximately 3 wk after parturition, milk yield was determined on 24 early-calving heifers over 2 consecutive days using the "weigh-suckle-weigh" technique as described by McGee et al. (2005c) .
Ultrasonic Measurements and Skeletal and Muscular Scores
To characterize body composition, heifers were ultrasonically scanned at the beginning and end of the RFI experimental period and along with 24 of the earliest calving heifers at the start of the feed intake period postpartum. A dynamic imaging real-time scanner (Concept MLV, with 3.5-MHz linear array transducer, Livingston, UK) was used to measure LM depth at the third lumbar vertebra, and fat depth at both the third lumbar vertebra and 13th thoracic rib on the right side of the animal as described by Conroy et al. (2010) . At the time of ultrasound scanning, linear body measurements (Campion et al., 2009) were determined on each animal to provide a quantitative measurement of skeletal size. The measurements taken included height at the withers, chest circumference, chest depth, and width of the pelvis. Midway during the experiment visual muscular scores were assigned to each animal at 3 locations: roundness of hind-quarter, width of hindquarter, and width/depth of loin, on a scale of 1 (hollow, poor muscle development) to 15 (wide, heavily muscled) as described by Conroy et al. (2010) .
Blood Variables
Blood samples were obtained by jugular puncture from each animal before feeding on the same day of weighing (d 1, 21, 42, 63, and 84) during the RFI experimental period and on the 24 earliest calving heifers at the start of the feed intake period postpartum. On each occasion blood was collected into a 9-mL and 4-mL evacuated tube containing lithium heparin and sodium fluoride-EDTA K 3 , respectively, as anticoagulants (Greiner Vacuette, Cruinn Diagnostics, Dublin, Ireland). Blood samples were then centrifuged (2,500 × g, 20 min, 4°C), and the plasma was stored at -20°C before analysis. Concentrations of albumin, urea, globulin, total protein, β-hydroxybutyrate (βHB), glucose, NEFA, and creatine kinase were determined according to Earley and Murray (2010) and Kelly et al. (2010a) . Aspartate aminotransferase, alkaline phosphatase, and total bilirubin were analyzed using reagents supplied by Beckman Coulter (High Wycombe, UK). Concentrations of creatinine, total antioxidant status, and triglycerides were analyzed using reagents supplied by Randox Laboratories (Crumlin Co., Antrim, Northern Ireland, UK) and plasma haptoglobin concentrations were measured using an assay kit (Tridelta Development Ltd., Wicklow, Ireland). All metabolite concentrations were measured on an automatic analyzer (AU 400, Olympus, Tokyo, Japan). On d 1 and 84, two additional blood samples were collected into a 4-and 6-mL evacuated tube containing sodium citrate and K 3 EDTA, respectively. Plasma fibrinogen concentration and blood hematology variables; white blood cell (WBC) number, red blood cell (RBC) number, hemoglobin concentration, hematocrit percentage, and total circulating neutrophil, lymphocyte, monocyte, eosinophil, and basophil numbers were determined using an automated hematology analyzer (AV ADIVA 2120, Bayer Healthcare, Siemens, UK) equipped with bovine software (Lynch et al., 2010a,b) . A blood sample (6 mL) was also obtained from each animal within 24 h postpartum for hematology analysis. On d 63 and 84 of the experimental period (approximately 70 and 50 d prepartum) and within 24 h after parturition, a blood sample was obtained from each animal using a 10-mL plain evacuated tube for serum IgG determination. A blood sample was similarly obtained from calves at approximately 48 h postpartum to determine IgG status . Blood serum samples were processed and stored as described by before analysis for IgG. Blood serum IgG concentrations were determined using an ELISA test by reference to an internal IgG standard (Bovine IgG ELISA Kit, Alpha Diagnostic International, San Antonio, TX).
Rumen Fermentation and Total Tract Digestibility
Ruminal fluid samples were obtained from each animal at the start and end of the experimental period and on the 24 earliest calving heifers at the beginning of the postpartum feed intake period. Samples of approximately 20 mL were collected using a transesophageal sampler (Flora Rumen Scoop, Profs-Products, Guelph, Canada) , between 2 and 4 h postfeeding. Ruminal fluid pH was measured immediately after collection using an Orion digital pH meter (Orion SA 720, Thermo Fisher Scientific, Waltham, MA) and the sample was preserved with 0.5 mL of 9 M sulphuric acid and stored at −20°C for subsequent analysis of NH 3 , VFA, and lactic acid using the methods described by Owens et al. (2009) .
Total tract digestibility coefficients were determined for each animal during the experimental period and on the 24 earliest calving heifers during the postpartum feed intake period using the indigestible AIA marker technique, as described by Van Keulen and Young (1977) . Fecal grab samples (2 × 200 g) were obtained from each animal via rectal palpation once daily (Manninen et al., 2006) at 0800 h before feeding over 5 consecutive days. For logistical reasons this was carried out on 4 occasions on d 7, 28, 49, and 70 of the experimental period using approximately 25% of the animals on each occasion. Fecal samples were stored at −20°C and at the end of the sampling period samples were thawed and pooled by heifer on an equal-weight basis. On these occasions, the mineral and vitamin supplement was not offered 24 h before fecal sampling, and feed offered and refused was sampled daily. Individual feed refusals were pooled by heifer at the end of the sampling period.
Feed Intake and Activity Patterns
Feed intake pattern was recorded on wk 5 and 9 of the RFI experimental period for each animal over a 24-h period. Feed boxes were filled between 0800 and 0830 h and were weighed at 1 h postfeeding for the next 3 h, then every 2 h thereafter to 12 h with a final weight at 24 h (Cummins et al., 2009) . After the experimental period, animal activity was recorded over the final 7 d of gestation on the first 24 heifers due to calve. The proportion of time spent lying, standing, and active was measured by fitting IceTag pedometers with Velcro straps (Trénel et al., 2009 ) to the front left leg of the animal.
Computation of Traits
The mean BW (MBW) of each animal was calculated as the average of the initial and end of test BW. Metabolic BW was calculated as MBW 0.75 . Animal ADG was derived as the difference between the end and initial BW divided by the number of days on trial. Heifer BW was adjusted by subtracting the estimated weight of the fetus and associated uterine tissue from BW at the start and end of the test period. Weight of the products of conception at the start and end of the test period were computed using the NRC (2000) equation that relates day of gestation to conceptus weight:
, where t is day of gestation. The conceptus-adjusted BW was then used to calculate conceptus-adjusted cow ADG and conceptusadjusted MBW 0.75 . Feed conversion ratio of each animal was calculated as the ratio of daily DMI to ADG. Residual feed intake was calculated for each animal as the difference between actual DMI and expected DMI. Expected DMI was computed for each animal using a multiple regression model, regressing DMI on conceptus-adjusted MBW and conceptus-adjusted ADG with breed included as a fixed effect. The model used was
where Y j is the average DMI of the jth animal, β 0 is the regression intercept, τ i is the fixed effect of breed, β 1 is the partial regression coefficient for conceptus-adjusted MBW 0.75 , β 2 is the partial regression coefficient for conceptus-adjusted ADG, and e j is the random error associated with the jth animal. The model R 2 coefficient produced from this equation accounted for 29% (P < 0.001) of the variation in DMI and was used to predict DMI for each animal.
Within breed, heifers were ranked into RFI groups and classified as low RFI (efficient), medium RFI, and high RFI (inefficient) by dividing them into thirds (Meyer et al., 2008) . An additional RFI model was computed from expected DMI adjusted for body composition traits (fatness and muscularity). Using stepwise regression analysis (REG procedure, SAS Inst. Inc., Cary, NC) to determine the order of inclusion of body composition traits into the base model, body composition traits were sequentially added and the resulting change in coefficient of determination was used to determine their relative importance to account for additional variation in DMI. As a result, animal DMI was regressed on ADG adjusted for conceptus weight, MBW 0.75 adjusted for conceptus weight, and mean ultrasonic muscle depth (RFIm). This model accounted for 38% of the variation in DMI (P < 0.001). The body composition traits that did not meet the significance level (P < 0.15) criterion from the stepwise regression analysis were not used in the final RFI model.
Statistical Analysis
Normality of data distribution was confirmed using the UNIVARIATE procedure of SAS. Data that were not normally distributed were transformed by the natural logarithm or raising the variable to the power of lambda. The required lambda value was calculated by conducting a Box-Cox transformation analysis using TRANSREG procedure of SAS. Data subject to transformation were used to calculate P-values. However, the corresponding least squares means and SE of the nontransformed data are presented to facilitate interpretation of results. Least squares procedure of SAS was used to examine the effect of RFI groupings on intake, performance traits, body composition, rumen fermentation, total tract digestibility, activity behavior, and calving traits. The statistical model used included the fixed effects of RFI group (high, medium, and low), breed, RFI group × breed, calving date, and pen number. A random sire effect was included in the final model for all traits; however, potential relationships among sires and inbreeding were ignored. In addition, the model used to analyze total tract digestibility included day of collection period as a random effect.
Models pertaining to traits measured on progeny had additional fixed effects for calf sex and sire. Model effects were considered statistically significant when type I error rate was less than 5%. Variables having multiple observations, such as plasma metabolites and feeding behavior, were analyzed using repeated measures ANO-VA (PROC MIXED procedure of SAS), with terms for RFI group, day of test, and their interaction included in the model and animal within RFI group set as the error term. If the interaction term was not statistically significant (P > 0.05), it was subsequently excluded from the final model. Differences in RFI group were determined by F-tests using type III sum of squares. The PDIFF option and the Tukey test was applied as appropriate to evaluate pairwise comparisons between the RFI group means. Data were considered statistically significant when P < 0.05 and considered a tendency to differ when P < 0.10. Pearson correlation coefficients among traits were determined using the CORR procedure of SAS. Repeated measures means of the blood metabolites during experimental period were used in the correlation analyses.
RESULTS
Animal Performance
At the beginning of the 84-d experimental period heifer BW (SD) was 548 kg (47.5), initial conceptusadjusted BW (SD) was 534 kg (44.9), ADG during the experimental period was 0.46 kg (SD = 0.16), and conceptus-adjusted ADG was 0.09 kg/d (SD = 0.20). During the study the heifers had an overall mean DMI of 7.95 kg/d (SD = 0.85), FCR of 19.85 kg of DMI/kg of BW gain (SD = 7.95), and RFI of 0.00 kg of DM/d (SD = 0.72). Residual feed intake ranged from −2.24 to 1.47 kg of DM/d, equating to a difference of 3.71 kg of DM per day between the individuals ranked most and least efficient. The effect of phenotypic ranking on RFI on feed intake, feed efficiency, and performance is shown in Table 2 .
Heifers in the high RFI group consumed 8.8 and 17.1% more feed than those in the medium and low RFI groups, respectively (P < 0.001; Table 2 ). Heifers in the high, medium, and low RFI groups did not differ (P > 0.05) in initial and final BW, conceptus-adjusted BW, ADG, conceptus-adjusted ADG, or FCR. Postpartum, heifer BW, calving difficulty score, and calf birth weight did not differ (P > 0.05) between the 3 RFI groups. Residual feed intake was correlated with DMI (r = 0.85; P < 0.001) during the experimental period.
For the earliest calving heifers, DMI, BW, BCS, ultrasonic fat depth, and milk production as measured in the postpartum period were not correlated (P > 0.10) with RFI (Table 3) . However, RFI was negatively correlated (r = −0.45; P < 0.05) with ultrasonic muscle depth. Dry matter intake was positively correlated (P < 0.001) with initial BW (r = 0.45), final BW (r = 0.52), MBW 0.75 (r = 0.50), postpartum BW (r = 0.54), calf birth weight (r = 0.23; P < 0.05), and BW (r = 0.46; P < 0.05) during the postpartum feed intake period.
Body Composition and Skeletal Measurements
Differences were not detected (P > 0.10) between RFI groups for BCS, ultrasonic fat thickness, fat accretion, or skeletal measurements (Table 4) . Initial muscle depth was greater (P < 0.01) and muscularity score for the round of the hindquarter was greater (P < 0.05) in low-RFI than high-RFI heifers and intermediate (P > 0.10) for medium-RFI heifers. However, ultrasonically measured LM development did not differ (P > 0.10) among RFI groups. Total muscularity development tended to be greater (P = 0.09) in low-RFI heifers than medium or high-RFI heifers.
Blood Metabolites, Hematology, and Serum IgG
Sampling time affected (P < 0.001) concentrations of all metabolites (Table 5 ). Plasma concentrations of circulating creatinine were greater (P < 0.01) for low-RFI heifers than high-RFI heifers, but did not differ (P > 0.10) from medium-RFI heifers. Concentrations of βHB tended to be greater (P = 0.07) for high-RFI heifers than medium-or low-RFI heifers. There was a RFI phenotype × day of test interaction (P < 0.01) for globulin and total protein, whereby concentrations were greater for high-RFI heifers than low RFI-heifers on the final sampling day. These variables did not differ between RFI groups at earlier sampling points.
During the postpartum feed intake period, concentrations of NEFA were negatively correlated (r = −0.46; P < 0.05) with RFI; however, no relationships (P > 0.10) were detected between RFI and other metabolites. Table 2 . Characterization of intake, growth, energetic efficiency traits, calf birth weight, and calving difficulty score in pregnant beef heifers with high, medium, and low residual feed intake (RFI) Scale of 0 (emaciated) to 5 (obese). *P < 0.05.
There was no interaction (P > 0.10) between blood sampling date and RFI for hematology variables; therefore, the results presented in Table 6 are mean values of the 2 blood sampling dates (d 1 and 84). Animals in the high-RFI group had greater (P < 0.05) WBC and lymphocyte count than the medium-RFI group.
At parturition, positive correlations were detected between lymphocyte (r = 0.31; P = 0.01) and monocyte (r = 0.26; P = 0.03) count with RFI, and a weak positive correlation was found between RBC and RFI (r = 0.22; P = 0.07). There were no significant associations (P > 0.10) found for RFI with any of the blood hematology variables measured.
High, medium, and low RFI groups did not differ (P > 0.10) in concentrations of heifer serum IgG (mg/mL) 60 d prepartum (21.6 vs. 23.7 vs. 23.3 ± 3.46; P = 0.66) and at parturition (20.4 vs. 19.0 vs. 21.2; ± 4.46; P = 0.84) and in calves at 48 h postpartum (38.5 vs. 37.9 vs. 37.8; ± 7.22; P = 1.00 (data not presented).
Rumen Fermentation and Total Tract Digestibility
Ammonia concentrations and molar proportions of propionic acid were less (P < 0.05) for high-RFI than low-RFI heifers, resulting in a greater (P < 0.05) acetate:propionate ratio in the former (Table 7) . During the postpartum period, molar proportions of acetic acid were negatively associated with DMI (r = −0.41; P = 0.06), RFI (r = −0.42; P = 0.05), and RFIm (r = −0.39; P = 0.07), and there was a trend (P = 0.08) for molar proportions of propionate acid to be positively related (r = 0.38) with RFI and acetate:propionate to be negatively related (r = −0.38) with RFI. There was no difference (P > 0.05) in total tract DM digestibility between high, medium, and low RFI groups during the RFI experimental period or during the postpartum period (data not presented).
Feeding Behavior and Activity
There was a RFI group × time interaction (P < 0.001) for feed intake pattern, whereas RFI groups had similar (P > 0.10) intake patterns for the first 7 h postfeeding, but at 9, 12, and 24 h postfeeding DMI was greater (P < 0.001) for high-RFI heifers than low RFIheifers (data not presented).
At postpartum, high, medium, and low RFI groups did not differ (P > 0. Within a row, means without a common superscript letter differ (P < 0.05). 1 High RFI = inefficient; medium RFI = intermediate; low RFI = efficient. 2 Scale of 0 (emaciated) to 5 (obese). 3 Scale of 1 (hollow, poorly muscled) to 15 (wide, thick muscled). 4 Mean of round, rump, and loin. 
DISCUSSION
Relative to other livestock, the biological efficiency of producing meat from the cow herd is low with a resultant high maternal cost of production (Dickerson, 1978) . To increase the biological and economic efficiency of beef production, cattle selection strategies need to focus on improving feed efficiency without compromising cow and progeny performance. According to Okine et al. (2004) , a 5% improvement in feed efficiency can have an economic impact 8 times greater than a 5% increase in ADG. Selecting animals on the basis of FCR may improve efficiency during the growing and finishing stages of beef production; however, it may not improve the efficiency or profitability of the whole production system (Archer et al., 1999) . In contrast, breeding for improved RFI has the potential to improve feed efficiency without increasing animal mature size (Herd and Bishop, 2000) . This has obvious positive ramifications to improve feed efficiency of growing and finishing cattle as well as efficiency of the cow herd. However, limited published information is available on phenotypic RFI in the beef cow and its potential impact on maternal productivity traits or indeed the biological factors contributing to variation in the trait.
In most regions of Northern and Western Europe, due to the prevailing temperate climatic conditions, grass, either grazed or conserved, is the principal feed for beef cows (Drennan and McGee, 2009) . During the indoor winter period the beef cow is typically offered moderately nutritive grass silage ad libitum (Drennan and McGee, 2004) . In this study, computation of phenotypic RFI by regressing silage DMI on ADG and MBW 0.75 (base regression model) resulted in a model that accounted for 29% of the variation in DMI. This percentage is considerably less than comparable calculations with young growing animals fed medium-or high-energy concentrate diets (Nkrumah et al., 2004;  Within a row, means without a common superscript letter differ (P < 0.05). Within a row, means without a common superscript letter differ (P < 0.05).
1
High RFI = inefficient; medium RFI = intermediate; low RFI = efficient. Lancaster et al., 2009b; Mader et al., 2009 ). This is likely attributable to the type of diet offered and the large variation observed in the component traits of the RFI calculation. Compared with feeding diets based on high levels of concentrates, feeding only forage may curb the expression of voluntary DMI of an animal as it depends on the rumen fill value of the forage (Dulphy et al., 1989) . This restriction in intake is largely due to the slow rate at which fermentation allows digestion of fiber and onward passage of small particles (Steen et al., 1998; Forbes, 2005) . Because DMI of beef cows is reduced when offered grass silage of decreased digestibility (Drennan and McGee, 2004) , to partially alleviate this problem, the in vitro digestibility of silage offered in this experiment was greater than normal (Drennan and McGee, 2009 ) and exceeded the requirement of primiparous heifers. Pregnant heifers in this study had an ADG of 0.46 kg over the experimental period. However, correcting ADG for conceptus weight resulted in near zero growth (0.09 kg/d), meaning the increased BW predominately consisted of prenatal growth of the calf and uteral tissues (Ferrell et al., 1976) . This result is in accordance with that of Basarab et al. (2007) and Block et al. (2010) and also explains the large CV (231%) in ADG.
Including mean muscle depth in the RFI model resulted in an equation that accounted for 38% of the variation in DMI, which is similar to the value of 39.3% reported by Basarab et al. (2007) . In that study pregnant beef cows were also offered a forage diet, but the body composition trait included in the model was fat depth rather than muscle depth. The Pearson phenotypic correlation coefficient between the base RFI model and the RFI model adjusted for mean RFIm was strong (r = 0.93) with the ranking of heifers on these 2 equations being almost identical. Others have reported similar positive correlations ranging from 0.87 to 0.99 between RFI and RFI adjusted for body composition traits in growing heifers (Kelly et al., 2010a) , bulls (Lancaster et al., 2009b; Smith et al., 2010) , and steers (Basarab et al., 2003) . The range in phenotypic RFI values acquired from this experiment is similar to other studies with beef cows (Basarab et al., 2007) and heifers (Bingham et al., 2009; Lancaster et al., 2009a) fed roughage/forage-based diets. As expected, RFI and RFIm were not correlated with BW or ADG, as the design of the linear regression model for determining expected feed intake forces the trait to be phenotypically independent of the component traits (Crews, 2005) . Accordingly, FCR was unrelated (r = 0.00; P = 0.98) to RFI, which is in agreement with the findings of Basarab et al. (2007) . The strong relationship between DMI and BW 0.75 (r = 0.51) illustrates that DMI increases with body size (Petit et al., 1992) , resulting in greater feed consumption and therefore greater maintenance energy requirements as described by Archer et al. (1999) . The strong correlation between DMI and RFI and RFIm (r = 0.85 and r = 0.79, respectively) are in accordance with the values obtained (0.60 to 0.83) in previous studies (Arthur et al., 2001a,b; Basarab et al., 2007; Elzo et al., 2009; Lancaster et al., 2009a) . Low RFI animals consumed approximately 17% less grass silage than high RFI animals during the experiment. This difference is intermediate to the findings of Meyer et al. (2008) , who reported numerical differences of 21% (during pregnancy) and 11% (during lactation) between low-and high-RFI beef cows grazing pasture in 2 separate experiments. This was greater than the 11.6% difference reported by Basarab et al. (2007) , who compared DMI of cows fed straw/barley silage that produced progeny with divergent RFI. Bingham et al. (2009) found a 21.9% difference in DMI by comparing the 18 most efficient and 18 least efficient heifers from a population of 115. Kelly et al. (2010a) classified RFI groups using ± 0.50 SD from the mean RFI and found a similar difference of 15.9% in DMI with growing heifers offered a 70:30 corn silage:concentrate diet.
Many studies with growing heifers Kelly et al., 2010a) , steers (Nkrumah et al., 2004; Castro Bulle et al., 2007; Barwick et al., 2009) , and bulls (Schenkel et al., 2004) have shown that high RFI is associated with body fatness. Therefore, cattle with low RFI have been reported to produce leaner carcasses (Herd and Bishop, 2000; Basarab et al., 2003) . Because an antagonism between body fatness and reproductive efficiency in the beef cow has been shown (Short et al., 1990; DeRouen et al., 1994) , it has been hypothesized that RFI may be associated with cow reproductive performance. However, to date, studies have not observed such a relationship (Basarab et al., 2007; Crowley et al., 2011; Shaffer et al., 2011) . Furthermore, the limited studies examining the relationship between RFI and ultrasonic body fat in pregnant beef cows are contentious. Arthur et al. (2005) showed that divergently selected high-RFI cows had greater body fat, whereas Basarab et al. (2007) found the opposite. In the current study, no difference was detected among the RFI groups of pregnant heifers for ultrasonic fat depth. In agreement with our findings, Basarab et al. (2007) and Meyer et al. (2008) found no difference in BCS among pregnant beef cows in different RFI groups.
Previous studies have shown neutral to weak negative and positive phenotypic (−0.42 to 0.11; Arthur et al., 2001b; Basarab et al., 2003; Nkrumah et al., 2004; Hoque et al., 2006; Mader et al., 2009; Lancaster et al., 2009a; Kelly et al., 2010a) and weak negative to positive genetic (range −0.45 to 0.09; Arthur et al., 2001b; Hoque et al., 2006; Lancaster et al., 2009a) correlations between RFI and LM development. In accordance with results obtained by Lancaster et al. (2009a) , muscle depth was greater in low-RFI heifers than medium-or high-RFI heifers at the beginning of the test period, but there was no difference in gain in muscle depth among the RFI groups. Richardson et al. (2001) reported a negative correlation between RFI and change in muscle eye area in steers. Independent of body fat, visual muscular scores were negatively correlated with RFI in this study, which is consistent with the results for ultrasonic muscle depth. Contrary to these findings, Kelly et al. (2010a) found that cattle with high RFI exhibited greater loin development but stated that result was possibly influenced by greater lumbar fatness. To refine the calculation of RFI and better account for additional energy sinks, Basarab et al. (2003) suggested that body composition traits should be included in the RFI linear model. Hence, results from stepwise regression analysis of the body composition traits assessed in this experiment revealed that including mean muscle depth in the RFI model (RFIm) accounted for the largest percentage (9%) of variation in DMI, not accounted for by MBW 0.75 or ADG in pregnant heifers. In contrast, studies on growing animals have shown that including fat as opposed to muscle depth into the base RFI model increased the coefficient of determination by 3 to 12.5% (Arthur et al., 2003; Basarab et al., 2003; Lancaster et al., 2009a; Kelly et al., 2010a) .
Skeletal measurements are used as physical indicators of growth rate and size and supplement BW as a measure of productivity (Gilbert et al., 1993) . Similar to the present study, no differences among RFI groups were detected in skeletal measurements in previous studies (Basarab et al., 2003; Nkrumah et al., 2004; Kelly et al., 2010a) , indicating that animals ranked on the basis of RFI do not differ in morphological traits.
Milk yield of a beef cow is a major determinant of calf preweaning growth (McGee et al., 2005c; Murphy et al., 2008) . Similar to the present study, RFI was not associated with milk yield determined either in early or at peak (Arthur et al., 2005) lactation.
There are limited published studies pertaining to the relationship between RFI and blood metabolites. Plasma metabolites are useful biochemical indicators of energy metabolism and nutritional status of beef cows (Russel and Wright, 1983; Agenas et al., 2006) . Numerical increases in concentrations of NEFA and βHB during the experiment (and pregnancy) are in agreement with the findings of McGee et al. (2005b) indicating that heifers were in negative energy balance and mobilizing body fat, particularly in the immediate prepartum period. However, the magnitude of change in metabolites (NEFA, βHB, urea, albumin, and glucose) during this experiment was less than that reported by McGee et al. (2005b) , suggesting that our animals were perhaps not as nutritionally restricted. The absence of an effect of RFI group or an interaction between RFI group and time on concentrations of NEFA and βHB is in accordance with the findings for ultrasonic body fat and BCS. However, during the period of postpartum feed intake, low RFI heifers had greater concentrations of NEFA, which indicates they were mobilizing more body fat (lipolysis) during this period. Creatinine is a breakdown product of creatine phosphate, an energy storage compound in the muscle and a proposed marker for muscle mass in cattle (Hansett and Michaux, 1985; Istasse et al., 1990) . A study by reported a negative (r = −0.45) correlation between RFI and plasma creatinine concentration. Similarly in this study, plasma creatinine concentrations were greater in low-RFI heifers than in high-RFI heifers. These findings are consistent with the results for ultrasonic muscle depth and visual muscularity score at the beginning of the experiment, whereby low-RFI animals had superior muscle development compared with high-RFI animals.
Stress is typically associated with increased energy demands and fat (Brockman and Laarveld, 1986 ) and protein (Buckham Sporer et al., 2008) metabolism in ruminants. Differences in the response of an animal to stress may also be associated with variation in RFI . Hematology variables are useful indicators for evaluating the immune system of an animal and their susceptibility to infection or stress or both (Carroll and Forsberg, 2007) . In this study, high-RFI animals had greater WBC and lymphocyte count than medium-RFI animals. However, Gomez et al. (2009) found that low-RFI heifers had decreased WBC compared with high-RFI heifers. There was no difference between RFI groups and RBC during the experimental period, which suggests that animals did not differ in oxygen binding capacity in their heme structure (Jones and Allison, 2007) , yet there was a weak positive correlation between RFI and RBC at parturition. Nevertheless, the values found for hematology variables in this study are within the typical range for cattle (Kramer, 2006; Jones and Allison, 2007) .
The humoral immunity of calves gained through absorption of colostral antibodies and immunoglobulins is critical to ensuring the survival and health of a newborn calf (McGee et al., 2005a) . There is limited published information regarding the effect of RFI on cow and calf serum IgG concentration. In agreement with the present findings, found no relationship between cow phenotypic RFI and cow serum IgG 1 concentrations prepartum and calf serum total Ig concentrations at 48 h postpartum. Herd et al. (2004) suggested that digestibility may account for 14% of the variation in RFI. Several studies have found that diet digestibility was negatively correlated with RFI in cattle Nkrumah et al., 2006; Krueger et al., 2009a; McDonald et al., 2010) . However, in this study, using AIA as a marker, no significant difference in total tract digestibility was observed among RFI groups. The absence of a relationship between RFI and digestion may be related to the nature of the diet, as the effect of feed intake on digestion is of less magnitude with forage diets than with concentrate diets (Chilliard et al., 1995) . Evidence shows that feeding different quantity of forageonly diets has no effect on total tract digestibility in beef cattle (Ortigues et al., 1993; Doreau and Diawara, 2003; McGee et al., 2005b) . Krueger et al. (2009b) found no inherent differences among RFI groupings in ruminal pH or VFA concen-trations, whereas Krueger et al. (2009a) found that heifers with low RFI had a greater acetate:propionate ratio than those with high RFI, which is contrary to our findings. However, in our study, during the postpartum feed intake period, when a fixed amount of concentrates was offered with grass silage, there was a tendency for a negative relationship between RFI and acetate:propionate ratio. Furthermore, silage fermentation pattern can have a considerable effect on rumen fluid VFA concentration (Van Vuuren et al., 1995) . A potential limitation to the rumen sampling technique used in this study is the possibility of saliva contamination and sample representation (Duffield et al., 2004) . Nonetheless, the rumen fermentation characteristics obtained were similar to results obtained by Owens et al. (2008) where ruminally cannulated steers were fed a comparable grass silage diet.
According to Adam et al. (1984) the rate of feed intake and duration of the meal event are key factors in determining the energy cost of eating in cattle. Kelly et al. (2010b) found strong repeatability estimates for feeding behavior traits in growing heifers. In the current study, the cumulative DMI of high-and low-RFI animals was similar for the first 7 h. However, high-RFI heifers had a greater DMI than low-RFI heifers during the final 17 h. Our results suggest that high-RFI animals may spend a greater proportion of time eating per day, as found by Lancaster et al. (2009b) , and consume more feed during the nocturnal period than low-RFI animals (Montanholi et al., 2010) .
In conclusion, in contrast to FCR, RFI in beef heifers is independent of growth and body size. Our results indicate that there are no obvious negative effects on other economically relevant traits, such as cow BCS, subcutaneous fat thickness, skeletal size, calving difficulty, calf birth-weight, calf humoral immune status, and milk yield. Consequently, RFI should have considerable potential for use in cow breeding programs. Results from this study have further enhanced our understanding of some of the biological indicators, such as muscle depth, plasma creatinine concentration, rumen fermentation, and feeding behavior, which may regulate feed efficiency in beef cows. However, further research is required to better understand the complex physiological and biological contributors to the unexplained variation in RFI and to provide new technologies and methodologies in early-life identification of genetically superior animals for use in the breeding herd.
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